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Neutrino masses and light (keV-GeV) sterile neutrinos can arise natu-
rally via a modified, low energy seesaw mechanism if the right-handed neu-
trinos are charged under a new symmetry broken by a PeV scale vacuum
expectation value, presumably tied to supersymmetry breaking. The ad-
ditional field content also allows for freeze-in production of sterile neutrino
dark matter. This framework can accommodate the recently observed 3.5
keV X-ray line, while a straightforward extension of the framework, using
the new symmetry and the PeV energy scale, can explain the PeV energy
neutrino events at IceCube. Together, these can therefore be taken as
hints of the existence of a PeV scale supersymmetric neutrino sector.
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1 Introduction
The seesaw mechanism as the explanation of the small neutrino masses motivates the
existence of right-handed, sterile neutrinos. While the mass scale of such sterile
neutrinos could lie anywhere from the eV to the GUT scale, the widely studied
Neutrino Minimal Standard Model (νMSM) [1] – where the lightest sterile neutrino
can be dark matter, and oscillations of the heavier sterile neutrinos can account for
the baryon asymmetry of the Universe – provides phenomenological motivations for
them to be light (keV-GeV). While such phenomenological aspects make the νMSM
an attractive model to study, the model contains the following wanting features:
• The keV-GeV Majorana mass scale of the right-handed neutrinos is put in by
hand, but the most natural choice for such a parameter is the cutoff of the
theory, such as the GUT or Planck scale.
• The model requires extremely unnatural choices of couplings in the Dirac mass
terms, of order 10−7, to explain the observed neutrino oscillations through the
seesaw mechanism.
• While the relic abundance of keV sterile neutrino dark matter is built up from
the Dodelson-Widrow (DW) mechanism [2] in the νMSM, this is now ruled out
by a combination of X-ray and Lyman-α bounds if it accounts for all of dark
matter, necessitating a different dark matter production mechanism.
These hint at additional underlying structures in the theory that can realize these
features in a more natural manner. This line of inquiry turns out to be very promising;
as this note will demonstrate, the aforementioned shortcomings are readily solved if
the right-handed neutrinos are charged under a new symmetry that is broken by a PeV
scale vacuum expectation value (vev). As further motivation for the framework to be
discussed, interesting connections can also be drawn with intermediate (PeV) scale
supersymmetry and two recent observational anomalies: the 3.5 keV X-ray line signal
[3] and the PeV energy neutrinos observed by IceCube [4]. The reader is referred to
the original papers [5] and [6] for details.
2 The Model
As in the νMSM, the neutrino sector is extended by three right-handed sterile neutri-
nos Ni. To suppress the Majorana masses, which would naturally be at the GUT or
Planck scale, it is assumed that these fields are not pure singlets, but charged under
some new symmetry of nature – for concreteness, a U(1)′. This immediately forbids
the traditional seesaw mechanism, but higher dimensional operators involving the SM
1
and Ni fields can be obtained by coupling the Ni to other fields charged under the
U(1)′. We introduce an exotic field φ that carries the opposite charge under U(1)′.
Working in a supersymmetric framework, we thus introduce three chiral super-
multiplets Ni for the sterile neutrinos and a chiral supermultiplet Φ, whose spin
(0, 1/2) components are labelled (N˜i, Ni) and (φ, ψφ) respectively. These result in
the following higher dimensional operators in the superpotential:
W ⊃ y
M∗
LHuNΦ + x
M∗
NNΦΦ. (1)
Here x and y are dimensionless O(1) couplings (flavor structure neglected for now),
and M∗ is the scale at which this effective theory needs to be UV completed with
new physics, such as the scale of grand unification MGUT or the Planck scale MP . If
the scalar φ obtains a vev at the PeV scale, this breaks the U(1)′ and (after Hu also
acquires a vev) the following Dirac and Majorana mass terms are generated in the
neutrino sector
mD =
y〈φ〉〈H0u〉
M∗
, mM =
x〈φ〉2
M∗
. (2)
This resulting modified seesaw mechanism produces the following sterile and active
neutrino mass scales:
ms = mM =
x〈φ〉2
M∗
, ma =
m2D
mM
=
y2〈H0u〉2
xM∗
. (3)
Figure 1 shows possible active-sterile mass scale combinations that result from this
framework with M∗=MGUT (=1016 GeV), tanβ=2 (〈H0u〉=155.6 GeV), and 0.001<x< 2
10-3 10-2 10-1 1
1
101
102
103
104
105
106
ma HeVL
m
s
Hke
V
L
100 TeV
1 PeV
10 PeV
100 PeV
1000 PeV
Figure 1: Active and sterile neutrino mass scales for various choices of y〈φ〉, with
M∗ = MGUT , tanβ = 2, and 0.001<x< 2. The dashed vertical line denotes ma =
0.05 eV, as dictated by atmospheric oscillation data ∆m2atm = 2.3× 10−3 eV2.
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for various values of y〈φ〉. This suggests that the desired mass scales can emerge
naturally in this framework (with predominantly O(1) couplings) if 〈φ〉 is at the PeV
scale.
It is interesting to note that the PeV scale could be a reasonable energy scale for
supersymmetry, given the null results of extensive searches for weak scale supersym-
metry on various fronts. Indeed, the Higgs boson mass of 125 GeV is consistent with
PeV scale superpartners (for small tanβ), and such high scale supersymmetry has
been motivated for several other reasons [7]. In this case, the vev of the scalar field
that gives rise to masses in the neutrino sector could be tied to the mechanism for
supersymmetry breaking.
3 Sterile Neutrino Dark Matter from Freeze-in
We denote the sterile neutrino dark matter candidate by N1. In the νMSM, N1 is
produced through the Dodelson-Widrow mechanism, an inevitable consequence of
mixing with the active neutrinos, with abundance
ΩNi ∼ 0.2
(
sin2θ
3× 10−9
)( ms
3 keV
)1.8
. (4)
sin2θ ≈ ma/ms is the mixing angle with the active neutrinos. A combination of X-ray
bounds and Lyman-α forest data now rule N1 from DW accounting for all of dark
matter, requiring some other production mechanism (see [8] for a summary).∗ Such a
mechanism is naturally provided in our framework by the scalar φ. We assume that φ
has additional interactions that keep it in equilibrium with the thermal bath at high
temperatures†; dark matter is then produced through the freeze-in mechanism [9].
IR freeze-in: Once φ obtains a vev, an N1 abundance can be gradually accumu-
lated through the decay channels φ → N1N1 and Hu → N1νa (with tiny effective
couplings x1 =
2x 〈φ〉
M∗ and y1 =
y 〈φ〉
M∗ respectively). The abundance due to φ→ N1N1,
for instance, is [10]
ΩN1h
2 ∼ 0.1
(
x1
1.4× 10−8
)3(〈φ〉
mφ
)
. (5)
For 〈φ〉/mφ ∼ O(1), x ∼ 1, and 〈φ〉 ∼ 1 − 100 PeV, this can be a significant contri-
bution to the dark matter abundance.
UV freeze-in: High temperatures in the early Universe can overcome the 1/M∗
suppression of the higher-dimensional interactions from the terms in Eq. 1, producing
∗However, N1 produced through the DW mechanism can still constitute a significant fraction of
the dark matter abundance.
†Such interactions most likely exist since φ needs to acquire a vev tied to the SUSY breaking
scale, but this assumption is not necessary, and a relic abundance can be obtained even when this
does not hold (see [6]).
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dark matter through the annihilation processes φφ → N1N1, φHu → νaN1, φ νa →
HuN1, and Hu νa → φN1. The contribution from φφ → N1N1 to the dark matter
relic density, for instance, is approximately [11]
ΩN1h
2 ∼ 0.1x2
( ms
10 GeV
)(1000TRHMP
M2∗
)
. (6)
If the reheat temperature TRH is sufficiently high, such UV freeze-in contributions
can also be significant.
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Figure 2: Sterile neutrino parameter space. The various colored regions represent var-
ious constraints (see [6] for details). The light blue shaded regions denote parameter
space where 10−3 ≤ Ωh2 ≤ 0.12; the top left region corresponds to DW production,
while the bottom right corresponds to IR freeze-in (M∗ = MGUT = 1016 GeV and
〈φ〉 = mφ = 100 PeV everywhere in the plot).
Figure 2 presents the various masses and mixing angles for N1 for which the cor-
rect relic density can be obtained. The light blue shaded regions represent parameter
space where 10−3 ≤ Ωh2 ≤ 0.12; two distinct regions occur, corresponding to produc-
tion through the DW mechanism in the top left for keV scale masses and through
IR freeze-in at the bottom right (with 〈φ〉 = mφ = 100 PeV). Other colored regions
represent various constraints; the blue squares and red dots represent specific bench-
mark scenarios in the framework (see [6] for details). Note that the heavier sterile
neutrinos N2 and N3 are generally required to decay before Big Bang Nucleosynthesis
(BBN), which forces τN2,N3 ≤ 1s and consequently mN2,N3 ≥ O(100) MeV.
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4 Dark Matter Anomalies
4.1 IceCube PeV Neutrinos
The IceCube collaboration has observed energetic neutrinos at 50 TeV - 2 PeV en-
ergies, beyond what is expected from astrophysical background, which could come
from the decay of a heavy dark matter particle with lifetime τ ∼ 1027 s. Such a dark
matter candidate can be accommodated in a straightforward extension of the frame-
work presented here, using the same structure and U(1)′ symmetry. In particular,
the introduction of two additional superfields X and Y , analogous to N and Φ, as
defined in Table 1, leads to the following superpotential:
W ⊃ ζij
M∗
LiHuNjΦ + αi
M∗
LiHuXY + ηi
M∗
NiNiΦΦ + λ1
M∗
XXYY + βi
M∗
NiΦXY
+
1
5!
λ2
M3∗
XΦ5 + 1
5!
λ3
M3∗
YN 5i . (7)
Supermultiplet spin 0, 1/2 U(1)′ Remarks
Ni N˜i, Ni +1 Ni sterile neutrinos
Φ φ, ψφ -1 〈φ〉 ∼PeV, breaks U(1)′
X X, ψX +5 mX ∼PeV, dark matter
Y Y, ψY -5 U(1)′ partner of X
Table 1: Field content, notation, and U(1)′ charge assignments for the new multiplets.
The SM singlet scalar X is our dark matter candidate that produces the PeV
neutrinos observed by IceCube; it obtains a PeV scale mass after U(1)′ and SUSY
breaking, and its large U(1)′ charge makes it sufficiently long lived.
The lowest dimension term connecting X with the SM fields is αi
M∗LiHuXY (see
Eq. 7), which results in the following feeble (freeze-in) production processes for X
from the thermal bath:
l h → X ψY , l H˜ → X Y, l˜ H˜ → X ψY . (8)
Here l denotes both charged leptons and neutrinos, and h denotes both neutral and
charged higgses, and likewise for their superpartners l˜ and H˜. The same processes
also result in freeze-in abundances of Y, ψX , and ψY , but these eventually decay into
X, which is assumed to be lighter. Taking all these contributions into account, the
relic abundance of X is calculated to be approximately
ΩXh
2 ∼ 0.12
( mX
10 PeV
)( α
10−5
)2( TRH
1.5× 109 GeV
)(
1016 GeV
M∗
)2
(9)
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Figure 3: Expected number of neutrino events from decays of X (blue), IceCube
data points with error bars (black), atmospheric background (green), and total sig-
nal+background events (red).
where we have taken α = αi for simplicity. Therefore, with a sufficiently high reheat
temperature TRH and appropriate values of α, the PeV scale particle X could compose
a significant fraction of dark matter.
Decays of X arise from the superpotential term 1
5!
λ2
M3∗
XΦ5 . Assuming 〈φ〉>mφ,
the leading decay process is X → ψφ ψφ, which (assuming mψφ/mX  1) results in a
lifetime
τX ≈ 1027 s
(
1.5× 10−3
λ2
)2 (
M∗
1016 GeV
)6 (
100 PeV
〈φ〉
)6 (
PeV
mX
)
. (10)
The ψφ further decays as ψφ → NH˜ν , ψφ → NH˜±l∓ through an off-shell sterile
sneutrino as a consequence of the LiHuNjΦ and NiNiΦΦ terms in the superpotential.
The sterile neutrinos N then further decay through the standard sterile neutrino decay
channels to produce additional active neutrinos. The decay lifetime required to fit
the IceCube data is τ ∼ 1027 s; Eq. 10 suggests that one can obtain the necessary
lifetime for reasonable choices of parameters in the model. Fig. 3 shows the number
of neutrinos expected at IceCube from the decays of X for such parameter choices
(see [5] for details); note that the multiple step decay chain into neutrinos results in
a flat shape in agreement with the IceCube data.
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4.2 3.5 keV X-Ray Line
Several papers have interpreted this signal as the decay of a ∼7 keV sterile neutrino.
In the framework presented here, such a sterile neutrino can be produced through
DW and form only a fraction of dark matter, evading the combined constants from
X-rays and Lyman-α. In a warm plus cold dark matter setup, [12] found that the 3.5
keV X-ray signal could be explained with a 7 keV sterile neutrino produced from DW
that made up 10− 60% of dark matter, and the parameters in our framework can be
chosen to map on to one of the benchmark points presented in this paper: a 7 keV
sterile neutrino with mixing angle sin2(2θ) ∼ 4 × 10−10, making up ∼ 25% of dark
matter. Hence the 3.5 keV X-ray line signal can be incorporated in our framework.
Note that such a mixture of warm and cold components for dark matter could offer
several advantages.
5 Summary
In summary, we have presented an extended supersymmetric neutrino sector with the
right-handed neutrinos charged under an additional symmetry (U(1)′) that is broken
by a PeV scale vev. This framework features:
• Active neutrino masses in agreement with oscillation data (achieved with pre-
dominantly O(1) couplings in the theory)
• keV-GeV scale sterile neutrinos, with freeze-in production of sterile neutrino
dark matter
• connections to PeV scale supersymmetry
• PeV energy neutrinos at IceCube from the decay of a scalar dark matter com-
ponent X, from a straightforward extension of the framework.
• the 3.5 keV X-ray line from the decay of a 7 keV sterile neutrino
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